This paper presents empirical data that was collected through experiments using a FeFET in the established common-source amplifier circuit. The unique behavior of the FeFET lends itself to interesting and useful operation in this widely used commonsource amplifier. The paper examines the effect of using a ferroelectric transistor for the amplifier. It also examines the effects of varying load resistance, biasing, and input voltages on the output signal and gives several examples of the output of the amplifier for a given input. The difference between a common-source amplifier using a ferroelectric transistor and that using a MOSFET is addressed.
Introduction
The FeFET operation differs from the traditional MOSFET operation in that the present output is influenced by the previous and present inputs. This is evident from the hysteresis curves dictating the FeFET operation. Additionally, when the gate voltage is removed or turned off, the FeFET still has remnant current flowing from through the drain to source [1] .
In Fig. 2 , it is evident that after applying a gate voltage of 3 V the polarization of the ferroelectric layer is lost and the transistor polarized again with higher voltages being applied. The common-source amplifier using a FeFET has interesting properties due to the introduction of a layer of ferroelectric material between the gate and oxide layer compared to the traditional MOSFET implementation of the common-source amplifier. Here, the ferroelectric layer of lead zirconate titanate (PZT) causes the threshold voltage of the transistor to be lowered or increased depending on the electric polarization as well as altering the effective gate capacitance [2] . As a result of this switching behavior, nonlinear gains and thus interesting output waveforms are achievable, while linear amplification is also attainable [3] . In this setup, the phase shift of the output is also subject to variation as a function of several variables [4] . Because these unique outputs are attainable for this setup, the FeFET common-source amplifier has practical applications in the field of analog amplifiers. transistor with a ferroelectric layer composed of PZT between the gate and oxide layer. The input voltage, V in , is in general composed of both AC and DC parts, though in some trials the DC voltage, or V offset , is set to zero. If the input voltage was not large enough in magnitude to induce polarization of the ferroelectric layer at the gate, a purely DC input signal of ±5 V was pulsed several times at the gate before the trial, causing electric polarization of the PZT molecules. The power supply, V DD ; input voltage, V in ; input voltage DC offset, V offset ; and load resistance, R L , were all varied throughout the trials while noting the output waveform shape, voltage gain, and phase shift relative to the input signal. The circuit diagram in Fig. 3 details the circuit setup. Three categories of trials were performed; first the circuit was used for simple amplification given a positive or negative DC voltage pulsed at the gate of the FeFET to polarize the ferroelectric layer negatively or positively, respectively. Next, a sufficiently large AC voltage (equal to or larger than 8 V pp ) was applied to the gate of the FeFET in which case the FeFET positively or negatively polarized due to the value of the last input peak. Lastly, the load resistance was varied, and its effects on both voltage gain and phase shift were observed.
Test Circuit and Setup

Collected Data
By pulsing the gate with a positive DC input voltage, inducing negative polarization in the ferroelectric layer, and choosing a sufficiently small V in to not cause the ferroelectric layer to polarize, linear gain was observed at the output much like the traditional commonsource amplifier. Additionally, the phase shift, which in all trials was measured at the zero crossings of the AC waveforms, is typically lower than −180 • for low frequencies.
Here negative phase shifts denote the output leading the input.
The f -3dB of the three trials shown in Fig. 4 range between 115 kHz and 165 kHz, giving a gain bandwidth in the range of 175 kHz to 360 kHz. The maximum observed gain is between 6.3 and 7.3 dB.
A sample of the output of the amplifier seen by the oscilloscope is shown in Fig. 6 where the output is to some extent limited to the chosen value of V DD . This clipping on the 
Table 1
Collected data for V DD = 6 V, V in = 2 V pp , R L = 10 k Ω, and V offset = 0.9 V output is evident from the less linear amplification at the peaks of the output relative to the rising and falling edges of the waveform. The trials in which the gate was pulsed with a negative DC voltage to polarize the ferroelectric layer in the positive direction offered gains similar to those observed for negative polarization. However, in general the phase shift for positive polarization was larger in magnitude than the phase shift observed with negative polarization.
The output viewed in Fig. 9 contained linear amplification between the peaks with some clipping observed on the output at the Vd + and Vd − peaks.
By increasing the amplitude of the input waveform, the ferroelectric layer of the FeFET was able to polarize in each direction from both the V in + or V in − peaks of the input signal. In this setup, the output waveform did not closely resemble a simple sinusoid. In some cases the output had gradual increases in voltage followed by steep decreases .
Several of the various possible outputs are shown in Figs. 10 through 12. The output in Fig. 11 shows the slight amplitude variations along the upper clipped portion of the output waveform, while Figs. 10 and 12 show simple deviations from a sinusoidal output. Varying the load resistance not only alters the gain expressed by the circuit, but also distinctly modifies the phase shift seen at the output. For an increasing load resistance, R L , the output phase shift decreases dramatically.
The phase shift varied almost linearly when plotted against the log 10 of the load resistance. Also, for both 50 kHz and 100 kHz frequency trials shown in Figs. 13 and 14 the phase shift varies more than 100 • between the end resistor values of 5 k Ω and 250 k Ω.
Conclusion
The −3 dB frequencies observed from using the FeFET implementation of the commonsource amplifier are slightly lower than some of the MOSFETs tested by comparison. An explanation of this attribute of the FeFET common-source amplifier is the possibility of increased Miller capacitance due to the ferroelectric layer at the gate. Furthermore, the gain in most trials was at a maximum at approximately 100 Hz, though the gain was quite stable up to 50 kHz for most configurations. The wide variations in both phase shift and waveform shape make the FeFET common-source amplifier very functional for analog applications.
